SEMICONDUCTOR DEVICE AND CORRESPONDING FABRICATION METHOD 

CLAIM FOR PRIORITY 
This application claims the benefit of priority to German 
5 Application No. 103 06 315.3, filed in the German language on 
February 14, 2003, the contents of which are hereby 
incorporated by reference. 

TECHNICAL FIELD OF THE INVENTION 
10 The present invention relates to a semiconductor device and 
fabrication method. 

BACKGROUND OF THE INVENTION 
Although applicable in principle to any desired combination of 
15 dielectrics, the present invention and the problem area on 
which it is based are discussed with regard to silicon dioxide 
as the first dielectric and a transition metal oxide having a 
high k value (k = relative permittivity or dielectric 
constant) as the second dielectric. 

20 

So-called dielectrics having a high k value (also referred to 
as high-k materials) have been used for some time as capacitor 
dielectrics in semiconductor memory devices. These high-k 
materials are likewise used in MOSFETS as an alternative gate 
25 dielectric, to be precise in particular in 70 nm technology, 
since there direct tunneling and a pin-hole density no longer 
enable the use of silicon dioxide as the gate dielectric. 

An overview of the current status of high-k materials is given 
30 by G.D. Wilk, R.M. Wallace, J.M. Anthony, u High-k gate 
electrics: Current status and materials properties 
considerations" in JOURNAL OF APPLIED PHYSICS, Vol. 89, No. 
10, pages 5243-5275. 

35 In particular, this article discloses using a first dielectric 
made of silicon dioxide with a silicon substrate and a second 
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dielectric having a high k value made of a transition metal 
oxide above said first dielectric. 

However, a disadvantage mentioned is that the minimum 
5 achievable equivalent thickness of such a two-layer dielectric 
will always be larger than the corresponding thickness of a 
single-layered dielectric made of silicon dioxide. 

SUMMARY OF THE INVENTION 

10 The present invention relates to a semiconductor device having 
a first doping region, which has a first conduction type; a 
second doping region, which has the first conduction type and 
is spaced apart from the first doping region; a channel 
region, which lies between the first and second doping regions 

15 and has a second conduction type; and a gate structure 
provided above the channel region; the gate structure having a 
first gate dielectric made of a first material having a first 
thickness and a first dielectric constant, which is situated 
directly above the channel region, and an overlying second 

20 gate dielectric made of a second material having a second 
thickness and a second dielectric constant, which is 
significantly greater than the first dielectric constant. The 
invention also relates to a corresponding fabrication method. 

25 The present invention specifies a semiconductor device and 
also a corresponding fabrication method in which a threshold 
voltage can be set not only by means of the channel doping, 
and the thickness of the gate structure is reduced. 

30 In one embodiment of the present invention, the first 
thickness of the first gate dielectric and the second 
thickness of the second gate dielectric are chosen such that 
the corresponding thickness of a gate structure with the first 
gate dielectric, in order to obtain the same threshold 

35 voltage, is at least of the same magnitude as a thickness 
equal to the sum of the first thickness and the second 
thickness . 



In other words, the thicknesses of the dielectrics are 
dimensioned such that surface effects predominate over 
capacitance effects, for which reason the sum of the 
5 thicknesses of the two dielectrics may be less than an 
equivalent thickness in order to achieve the same capacitance 
density of the first dielectric. 

The invention have an advantage over the known solution 
10 approaches in that the threshold voltage can additionally be 
controlled in another way and by means of the channel doping 
and, moreover, the total height of the gate structure is 
reduced owing to the predominance of the surface effects. 

15 In one embodiment of the present invention, the flat-band 
voltage is varied with the aid of two or more dielectric 
materials. The procedure can be used particularly well in the 
case of components which do not permit a variation of the 
substrate doping (fully depleted FIN-FET) . Through a suitable 

20 variation of a gate stack with dielectric materials of two 
different types of surface charges, the flat-band voltage can 
be shifted linearly, the equivalent thickness of the first 
dielectric, e.g. silicon dioxide, at least being maintained. A 
further advantage in this case is that the drain current, the 

25 transconductance and the switching behavior change only 
slightly. 

However, it is also possible, equally, given a constant 
threshold voltage, to drive larger drain currents to have a 

30 higher transconductance and to improve the switching behavior 
if a comparison is drawn with single-layer gate oxides. These 
effects are achieved through the possibility of producing the 
same threshold voltage with a higher gate oxide capacitance. 
Suchlike can otherwise be achieved only by varying the 

35 substrate doping. 
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Thus, on the one hand, there is an additional degree of 
freedom in the component design and, on the other hand, there 
is the possibility of setting the threshold voltage of fully- 
depleted field-effect transistors. 

5 

In accordance with one preferred embodiment, the first 
material is silicon dioxide and the second material is a 
transition metal oxide. 

10 In accordance with a further preferred embodiment, the second 
material is a binary metal oxide selected from the following 
group: Al 2 0 3 , Y 2 0 3 , La 2 0 3 , Ti0 2/ Zr0 2 , Hf0 2 . 

In accordance with a further preferred embodiment, the gate 
15 structure has a third gate dielectric made of silicon dioxide, 
which is provided above the second gate dielectric. 

In accordance with a * further preferred embodiment, the 
semiconductor device is a field-effect transistor, in 
20 particular a FIN-FET. 

In accordance with a further preferred embodiment, the 
semiconductor device is a parasitic field-effect transistor. 

25 In accordance with a further preferred embodiment, the first 
doping region is a filling electrode of a trench capacitor of 
a memory cell, the second doping region is a semiconductor 
substrate and the channel region is a connection region of an 
associated selection transistor to a buried connection of the 

30 filling electrode, the gate structure comprising an insulation 
collar of the trench capacitor. 



35 



In accordance with a further preferred embodiment, a trench 
capacitor dielectric made of the second gate dielectric is 
provided below the insulation collar. 
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In accordance with a further preferred embodiment, the first 
doping region and the second doping region are provided at the 
surface of a semiconductor substrate and are isolated by an 
isolation trench filled with an insulator material, the gate 
5 structure being provided at least on the trench bottom. 

In accordance with a further preferred embodiment, the gate 
structure is provided on the trench bottom and the trench 
walls . 



In accordance with a further preferred embodiment, the 

isolation trench has a greater depth extent in the 

semiconductor substrate than the first doping region and the 
second doping region. 



Exemplary embodiments of the invention are illustrated in the 
drawings and are explained in more detail in the description 
below. 
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BRIEF DESCRIPTION OF THE DRAWINGS 



20 



In the figures: 



Figures la, b 



show 



a 



semiconductor 



device 



in 



accordance with a first embodiment of 



the present invention. 



Figure 2 



shows a flat-band voltage on the 
thickness of the first gate insulation 
layer in the first embodiment of the 
present invention . 



Figure 3 



shows a known semiconductor device in 



the form of a memory cell with a 
selection transistor and a trench 
capacitor with an insulation collar. 
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show fabrication steps of a 
semiconductor device in accordance 
with a second embodiment of the 
present invention . 

shows a semiconductor device in 
accordance with a third embodiment of 
the present invention. 

show fabrication steps of a 
semiconductor device in accordance 
with a fourth embodiment of the 
present invention . 

shows a semiconductor device in 
accordance with a fifth embodiment of 
the present invention. 

shows a semiconductor device in 
accordance with a sixth embodiment of 
the present invention 

In the figures, identical reference symbols designate 
identical or functionally identical constituent parts. 

5 DETAILED DESCRIPTION OF THE INVENTION 

Figures la, b are a diagrammatic illustration of a 

semiconductor device in accordance with a first embodiment of 
the present invention. 

10 Accurately setting the threshold voltage of field-effect 
transistors is a necessity for a whole host of circuit 
concepts. In this case, varying the gate capacitance, altering 
the substrate doping or else influencing the flat-band voltage 
have been employed as hardware possibilities. In this case, 

15 the ratio of the root of the substrate doping to the gate 



Figures 4a-c 



Figure 5 



Figures 6a, b 



Figure 7 



Figure 8 
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capacitance always shifts the threshold voltage proceeding 
from the flat-band voltage. 

In Figure la, reference symbol SUB designates a p-type 
5 semiconductor substrate, into which a source region S and a 
drain region D each of the n-type are introduced. A channel 
region K is situated in the substrate between the source and 
drain regions S-D. A gate structure comprising a first 
dielectric Dl having a first dielectric constant Kl and a 

10 thickness d and also a second dielectric D2 having a second 
dielectric constant k2, which is greater than the first 
dielectric constant kl, having a thickness d' is situated 
above the first dielectric Dl . A gate conductor GL made of 
polysilicon, for example, is provided at the top side of the 

15 gate structure. 

In the case of this example, the first dielectric is silicon 
dioxide and the second dielectric is Al 2 0 3 . The thicknesses of 
the first dielectric Dl and of the second dielectric D2 are 

20 chosen in such a way that the corresponding thickness of a 
gate structure with the first dielectric Dl - that is to say 
single-layer silicon dioxide - in order to achieve the same 
threshold voltage, is at least of the same magnitude as a 
thickness equal to the sum of the first thickness d and the 

25 second thickness d' . 

In other words, it is possible in the case of the first 
embodiment according to the invention, given at most the same 
height of the dielectric, to obtain a higher threshold voltage 
30 of the field-effect transistor since the surface charges 
induced by the as AI2O3 induces surface charges at the 
interface between silicon substrate SUB and first dielectric 
Dl are negative, that is to say reduce or even overcompensate 
for the positive surface charges in the silicon dioxide. 

35 

With reference to Figure lb, an explanation is given of how 
the thickness of the gate structure is designed proceeding 
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15 



20 



25 



30 



from a first dielectric Dl made of silicon dioxide having a 
thickness tl . In accordance with the formula 



it is possible to calculate the equivalent thickness t eq of a 
two-layer gate stack comprising the first dielectric Dl having 
thickness ti and the second dielectric D2 having thickness t 2 , 
which supplies an identical capacitance to the first single- 
layer gate stack made of silicon dioxide having the thickness 
ti . On account of this relationship, it is expected that, on 
the basis of capacitance considerations alone, the thickness 
t eq will always be greater than the thickness ti . 

With regard to the threshold voltage of such a MOSFET, 
however, consideration should be given to positive charges 
situated in the oxide in the vicinity of the silicon 
substrate/silicon dioxide interface, which charges shift the 
threshold voltage toward smaller values. These positive 
charges have a typical surface density of 10 10 to 10 11 cm" 2 , 
depending on the crystal orientation. 

It has been found that, with the aid of specific high-k 
materials, the surface charge can be varied and even shifted 
toward negative values. By way of example, if a layer stack of 
silicon dioxide and AI2O3 is produced, negative charges of the 
order of magnitude of 10 12 cm" 2 to 10 13 cm" 2 arise, which may 
shift the threshold voltage by about 300 mV to 800 mV. 
Depending on the thermostability it is possible to use 
different materials in order to produce the negative charges 
at the surface with respect to the silicon substrate. Further 
examples are Y 2 0 3 , La 2 0 3 (3 00 to 1400 mV) shift of the 
threshold voltage. However, Ti0 2 and Zr0 2 and Hf0 2 also exhibit 
negative charge at the surface, so that the threshold voltage 




- 9 - 

or flat-band voltage may be shifted toward higher values, 
typically up to 800 mV in the case of these materials. 

It has furthermore been found that in the case of specific 
5 materials such as e.g. A1 2 0 3 as second dielectric, a surface 
effect predominates in the case of small thicknesses, so that 
it is possible to reduce the thickness of the two-layered gate 
stack to a thickness t which is at most equal in magnitude to 
the first thickness ti, a higher threshold voltage still being 
10 obtained after the reduction. 

In the present case, the thickness t is less than the 
thickness ti, so that the thickness t' of an equivalent 
signal-layer dielectric Dl even increases. 

15 

Consequently, the two-layered gate " dielectric structure 
according to the present invention exhibits the amazing effect 
that layer thickness reduction unexpectedly enables a 
threshold voltage increase. Analogous presentations can 
20 likewise be made for negative shifts in the threshold voltage. 

Figure 2 is an illustration of the dependence of the flat-band 
voltage on the thickness of the first gate insulation layer in 
the case of the first embodiment of the present invention. 

25 

In the case of the example shown in Figure 2, the flat-band 
voltage is plotted against the thickness of the first 
dielectric Dl for the gate stack of Figure la. For this 
example, the silicon dioxide film for the first dielectric Dl 

30 was constructed by means of a thermal oxidation. This mode of 
construction minimizes the defect concentration in the 
interface plane. Building on this, an A1 2 0 3 film was deposited 
as the second dielectric D2 by means of the ALD method (ALD = 
atomic layer deposition) . The layer thicknesses of both layers 

35 were controllable within narrow limits. It was thus possible 
to vary the flat-band voltage in a range of about 0.7 V, i.e. 
from 0.1 V to -0.6 V. Typical layer thicknesses for equivalent 
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oxide thickness of about 5 rim are between 1 nm silicon dioxide 
to 4 nm silicon dioxide and 1 nm AI2O3 to 10 nm Al 2 0 3 . 

Figure 3 is a diagrammatic illustration of a known 
5 semiconductor device in the form of a memory cell with a 
selection transistor and a trench capacitor with an insulation 
collar . 

In Figure 3, reference symbol 1 denotes a p-type silicon 
10 semiconductor substrate, into which a typical DRAM memory cell 
having a trench capacitor and a selection transistor is 
introduced. The selection transistor comprises the n-type 
regions 2, 3, the channel region 4, the gate dielectric 50 and 
the gate conductor 30. The trench capacitor is formed in a 
15 trench 5, at the lower region of which a capacitor dielectric 
100 is deposited at the walls. A capacitor plate is an n-type 
buried plate 101 in the substrate 1. In the upper region, the 
trench capacitor has an insulation collar 20 made of densified 
silicon dioxide. An n-type filling electrode 15 is provided in 
20 the capacitor, which electrode ends with a buried connection 
18 at a top side, an insulation cover 19 made of silicon 
dioxide being applied above said buried connection. 

For ever shrinking DRAM structures, it is necessary to further 
25 reduce the thickness of the insulation collar. This can be 
achieved by means of an increased implantation into the p-type 
well 3 or other simple doping possibilities in the region of 
the insulation collar 20. However, the implantation involves 
the problem that the doping is not permitted to become so high 
30 directly at the buried connection 18, in order that the 
leakage current from the buried connection 18 into the p-type 
well 3 does not become too high. At the present time, use is 
made of oxide which has deposited and densified. The threshold 
voltage of the parasitic field-effect transistor comprising 
35 the buried connection 18, the n-type well 3, the substrate 1 
and the buried plate 101 is set by means of a sufficient 
thickness in connection with a corresponding doping. 
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Thus, the problem of performing a fine setting of the 
threshold voltages of parasitic field-effect transistors 
arises in the fabrication of such microelectronic circuits. 

5 

Figure 4a-c are diagrammatic illustrations of fabrication 
steps of a semiconductor device in accordance with a second 
embodiment of the present invention. 

10 In the embodiment in accordance with Figure 4a, firstly an 
AI2O3 layer 150 is deposited as second dielectric D2 in the 
upper trench region. Figure 4a and corresponding figures for 
further embodiments show the deposition only partially and 
diagrammatically , since it is normally effective before the 

15 completion of the gate structure 50, 30 of the selection 
transistor. 

A thin silicon dioxide layer 155 is then deposited as an 
overlying layer in the upper region of the trench capacitor, 

20 said silicon dioxide layer later serving as third dielectric. 
Afterward, a thermal annealing process is carried out in an O2 
atmosphere, which has the effect that a further silicon 
dioxide layer 145 forms as first dielectric at the interface 
between the second dielectric 150 made of AI2O3 and the silicon 

25 substrate 1. 

In this connection, it should be mentioned that the third 
dielectric layer 155 may also be omitted, to be precise for a 
required threshold voltage of the parasitic n-FET. 

30 

With reference to Figure 4c, the dielectric stack constructed 
in this way, comprising the layers 145, 150, 155, is then 
patterned to form the modified insulation collar 20 ', which is 
not only thinner than the known insulation collar 20, but 
35 likewise has a higher threshold voltage for the parasitic 
field-effect transistor. The further filling of the trench and 
the formation of the trench connection 18 above the insulation 
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collar and also the provision of the insulation cover 19 are 
effected by standard method steps. 

Figure 5 is a diagrammatic illustration of a semiconductor 
5 device in accordance with a third embodiment of the present 
invention . 

In the embodiment shown in Figure 5, firstly a thermal 
oxidation for forming the first dielectric made of silicon 
10 dioxide 145' is carried out on the trench walls in the upper 
trench region. This is followed by a deposition of the layer 
made of AI2O3 153 as second dielectric. The gate dielectric 
stack thus comprises two layers in this embodiment. The 
further method steps are analogous to Figures 4b and c. 

15 

Figures 6a, b are diagrammatic illustrations of fabrication 
steps of a semiconductor device in accordance with a fourth 
embodiment of the present invention. 

20 In the embodiment in accordance with Figure 6, the trench 
capacitor dielectric is a layer 150 made of AI2O3, which will 
later form the second, upper dielectric in the two-layered 
insulation collar. Figure 6a shows the method step of 
depositing this dielectric in the trench 5. 

25 

With reference to Figure 6b, the n-type filling electrode 15 
is then provided in the lower trench region by means of known 
deposition and etching-back techniques. As can be seen in the 
upper region of the trench in Figure 6b, an annealing step is 
30 then carried out in the presence of oxygen, during which the 
oxygen diffuses through the AI2O3 layer 150 toward the 
interface of the silicon substrate 1, where it forms a silicon 
dioxide layer 145 as first dielectric. In this case, too, the 
further method steps are analogous to Figures 4b, c. 

35 

In the following two exemplary embodiments, the invention is 
applied to STI structures (STI = Shallow Trench Isolation) . 
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Figure 7 is a diagrammatic illustration of a semiconductor 
device in accordance with a fifth embodiment of the present 
invention. 

5 

In the embodiment in accordance with Figure 7 , an isolation 
trench STI is provided in a p-type semiconductor substrate 1 
between two n-type wells, 200, 300. The trench walls and the 
trench bottom are lined with the double- layered gate 
10 dielectric stack according to the invention, comprising a 
first gate dielectric 145' made of silicon dioxide and an 
overlying second gate dielectric 150 made of Al 2 0 3 . 

In this application example, at the present time the filling 
15 oxide 500 for the isolation trenches is deposited and 
densified. In addition, attempts are being made to reduce the 
interface states by means of suitable oxidation. 

The gate structure fabricated according to the invention makes 
20 it possible to reduce the sub-STI leakage currents through the 
negative charges situated permanently at the interface. 

Figure 8 is a diagrammatic illustration of a semiconductor 
device in accordance with a sixth embodiment of the present 
25 invention. 

In the embodiment in accordance with Figure 8, therefore, the 
two-layered gate dielectric structure is removed at the trench 
walls and provided at the trench bottom, so that this gate 
30 dielectric structure cannot influence the n-type regions 200, 
300. 

Although the present invention has been described above on the 
basis of preferred exemplary embodiments, it is not restricted 
35 thereto, but rather can be modified in diverse ways. 
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Moreover, the particular configuration of the semiconductor 
device is not restricted to the MOSFETs shown, but can also be 
applied to arbitrary gate-controlled semiconductor components. 



